The transcription factor LuxR activates gene expression in response to binding the signaling molecule 3-oxo-hexanoylhomoserine lactone (3OC6HSL), an acyl-HSL with a carbonyl substituent at the third carbon of the acyl chain. We previously described a LuxR variant, LuxR-G2E, that activates gene expression by binding a broader range of acyl-HSLs, including straight-chain acyl-HSLs to which LuxR does not respond 1 .
Here, we use a dual positive-negative selection system to identify a variant of LuxR-G2E that retains the response to straight-chain acyl-HSLs, but no longer responds to 3OC6HSL. A single mutation, R67M, reduces LuxR-G2E's response to acyl-HSLs having a carbonyl substituent at the third carbon of the acyl chain. This specificity-enhancing mutation would not have been identified by positive selection alone. The dual selection system provides a rapid and reliable method for identifying LuxR variants that have or lack the desired response to a given set of acyl-HSL signals. LuxR variants with altered signaling specificities might become useful components for constructing artificial cell-cell communication systems that program population level behaviors.
Quorum sensing is the process by which bacteria sense their local population density and modify the expression of key genes accordingly 2, 3 . Many quorum-sensing signals have been identified 2 ; one of the most prevalent and well-studied quorum-sensing systems uses acyl-homoserine lactones (acyl-HSLs) 4 . In Vibrio fischeri, 3OC6HSL is synthesized by LuxI 5 . The amphipathic, diffusible acyl-HSLs accumulate intracellularly and are bound by LuxR at high population densities 4 . Upon signal binding, LuxR activates transcription at the lux promoter. Homologs of the LuxI/LuxR pair have been identified in many species of Gram-negative Proteobacteria, where they regulate genes with diverse functions in response to changes in population density 2, 3 . LuxR homologs respond to acyl-HSLs with acyl chains of varying lengths and chemical modifications 6, 7 .
LuxR, LuxI and their homologs have been adopted by biological engineers to effect programmed intercellular communication and coordinate the behaviors of cell populations [8] [9] [10] [11] [12] . For example, a synthetic pattern-formation system used variants of LuxR that differ in the sensitivity of response to an acyl-HSL signal 8 . Applications at the next level of complexity will probably implement two-way communications between cellular populations 13 . Establishing multichannel communications, however, requires a high degree of specificity in the LuxR receiver functions, because crosstalk among chemical signals can undermine the function of the entire network. LuxR homologs have been investigated, but these can show significant crosstalk 14 and often behave differently than LuxR in other ways. For applications in synthetic biology, it would be useful to have a set of 'standardized parts'-for example, a series of LuxR variants that respond to different chemical signals at different levels and specificities-from which to assemble new networks.
We previously used directed evolution to create LuxR variants with broadened acyl-HSL specificity and increased response sensitivity 1 . Random-mutant libraries were screened for increased response to octanoyl-homoserine lactone (C8HSL). All the C8HSL-responsive LuxR variants showed broad response to acyl-HSLs having acyl chains five to fourteen carbons in length; none were specific for the new signal. Engineering protein specificity is challenging because it requires both stabilizing a desired interaction (positive design) and destabilizing undesired interactions (negative design) 15 .
To generate a LuxR variant specific for a new signal, we modified a previously described dual selection system 16 to select for LuxR variants that either activate (ON) or do not activate (OFF) gene expression under desired sets of conditions (Fig. 1) . To select for variants that activate gene expression under a given set of conditions, that is, in the presence of an alternate acyl-HSL, one selects a library of mutagenized luxR genes with the ON selection plasmid pluxCAT, which yields chloramphenicol resistance with LuxR-dependent transcriptional activation. Identification of variants that show a lack of gene activation (that is, with the wild-type cognate signal) is achieved by transformation with the OFF selection plasmid pluxBLIP, which encodes b-lactamase inhibitory protein (Bli) under the control of the lux promoter and b-lactamase To obtain the altered LuxR signaling specificity, we started with the broad-specificity variant, LuxR-G2E, identified previously (Supplementary Table 1 online) 1 . To compare gene activation by LuxR and our evolved variants with exogenously added acyl-HSLs, we used the reporter plasmid pluxGFPuv, which contains gfpuv under the control of the lux promoter. Liquid-phase gfpuv bioassays quantitatively measure fluorescence output caused by LuxR-mediated GFPuv production 1 . LuxR-G2E responds to DLdecanoyl-homoserine lactone (DL-C10HSL), whereas wild-type LuxR does not respond at concentrations up to 10 mM. Wild-type LuxR and LuxR-G2E respond similarly to 3OC6HSL (Fig. 2) .
Using error-prone PCR, we created a library of genes encoding LuxR-G2E with, on average, one to two amino acid substitutions in the N-terminal 160 amino acids, shown to be responsible for acyl-HSL binding 17 . Three rounds of ON/OFF selection were used to enrich for LuxR variants that activate gene expression with C10HSL but not with 3OC6HSL. The LuxR expression plasmids obtained from colonies surviving Round-3 selection were transformed with pluxGFPuv and screened for their ability to activate gene expression with 100 nM C10HSL. Eighty of the most fluorescent clones were transferred to a 96-well plate and grown overnight. These clones were further screened for the inability to activate GFPuv expression with 3OC6HSL on solid medium.
We sequenced 12 of the 80 fluorescent clones and found four unique LuxR variants that exhibited the desired retention of C10HSL response and loss of 3OC6HSL response. All four variants had a substitution of arginine for methionine at position 67, along with up to five additional new mutations. One variant, LuxR-G2E-R67M, had only the R67M mutation in addition to the three amino acid substitutions of its parent, LuxR-G2E (Supplementary Table 1 ). All four unique variants exhibited identical responses with 3OC6HSL, C10HSL, C6HSL and C8HSL, indicating that the substitutions other than R67M are probably neutral (data not shown). We therefore focused on LuxR-G2E-R67M for all further characterizations.
The gfpuv gene expression bioassay was used to quantitatively compare the influence of 3OC6HSL and C10HSL on transcriptional activation by wild-type LuxR, LuxR-G2E and LuxR-G2E-R67M (Fig. 2) . LuxR and LuxR-G2E exhibited similar responses to 3OC6HSL; gene activation by LuxR-G2E-R67M, however, was barely above background even at concentrations as high as 10 mM 3OC6HSL. Responses to C10HSL showed the opposite trend: wild-type LuxR showed no response, whereas LuxR-G2E and LuxR-G2E-R67M showed similarly high levels of fluorescent protein production. Figure 2 Activation of gfpuv transcription with 3OC6HSL, C10HSL, C6HSL, C8HSL, C12HSL and 3OC12HSL by wild-type LuxR (m), LuxR-G2E (') and LuxR-G2E-R67M (B). Shown are units of fluorescence due to GFPuv production in E. coli containing pluxGFPuv and pLuxR, pLuxR-G2E or pLuxR-G2E-R67M. The data are normalized to optical density and corrected by subtracting background fluorescence from a control strain containing pluxGFPuv and pPROLar.A122. We then characterized the ability of LuxR-G2E-R67M to activate gene expression with four acyl-HSLs not used during directed evolution: C6HSL, C8HSL, dodecanoyl-homoserine lactone (C12HSL) and 3-oxo-dodecanoyl-homoserine lactone (3OC12HSL). LuxR-G2E-R67M retained the ability of its precursor LuxR-G2E to respond to straight-chained acyl-HSLs (Fig. 2) ; its response to 3OC12HSL, however, was more than 50-fold weaker than that of LuxR-G2E. Thus, it appears that the R67M mutation disrupts interactions with the 3-oxo group.
To further assess the role of the R67M mutation in 3-oxo recognition, we introduced it into wild-type LuxR and compared LuxR-R67M's ability to activate gene expression with 3OC6HSL and its straight-chain counterpart, C6HSL. Introducing methionine at position 67 of LuxR eliminates its ability to respond to 3OC6HSL but has little effect on its response to C6HSL ( Supplementary Fig. 1 online) .
LasR is a LuxR homolog from Pseudomonas aeruginosa that responds to 3OC12HSL. It is only 20% identical to LuxR in the N-terminal signal-binding domain. We hypothesized that R61 in LasR is functionally equivalent to R67 in LuxR. Because LasR also activates gene expression at the lux promoter 18 , we used the same gfpuv gene expression bioassay to characterize its ability to activate gene expression in the presence of acyl-HSLs. LasR-R61M has a decreased response to 3OC12HSL, whereas its ability to respond to C12HSL is largely unaffected ( Supplementary Fig. 2 online) .
In LuxR, LuxR-G2E and LasR, this arginine-to-methionine substitution decreases binding to acyl-HSLs with the 3-oxo group, without affecting the recognition of straight-chain acyl-HSLs. A conserved methionine occurs at this position in a group of C8HSL-responsive homologs, including CepR, from the b-Proteobacteria. Thus it appears that this particular amino acid substitution, identified during laboratory evolution, was also discovered during natural evolution of these transcriptional activators to respond to different signaling molecules. Because of the low sequence identity between LuxR and its homologs, however, identification of this residue as a key determinant of acyl-HSL specificity would have been difficult from sequence comparisons alone. Specificity changes were estimated by comparing the ratio of 3OC6HSL and C10HSL concentrations required to attain halfmaximal levels of gene activation for the different LuxR variants. (In cases where no activation was observed, the highest concentration of acyl-HSL measured was used to obtain a conservative approximation for the specificity change.) A 100-fold change in specificity was attained for LuxR-G2E through its increase in C10HSL sensitivity. An additional change in specificity of at least 500-fold was acquired when going from LuxR-G2E to LuxR-G2E-R67M. Overall, a more than 50,000-fold change in specificity of the acyl-HSL response occurred when going from wild-type LuxR to LuxR-G2E-R67M.
We used gel mobility shift assays to measure the ability of different acyl-HSLs to stimulate DNA binding by purified LuxR, LuxR-G2E and LuxR-G2E-R67M (Fig. 3) . In the presence of 3OC6HSL, LuxR binds a 20-base-pair (bp) pseudopalindromic DNA target known as the lux box, located upstream of the transcriptional start site in the lux promoter 19, 20 . Wild-type LuxR bound a DNA probe containing the lux promoter in the presence of 3OC6HSL but not C10HSL, whereas LuxR-G2E bound the same probe with 3OC6HSL or C10HSL (Fig. 3a) . LuxR-G2E-R67M bound the DNA only in the presence of C10HSL. A titration of 3OC6HSL in the presence of 3.5 nM LuxR revealed that 100 nM of L-3OC6HSL was required to shift 50% of the specific probe (Fig. 3b) , in agreement with published results 20 . Approximately 2 mM of L-3OC6HSL was required to shift 50% of the DNA in the presence of LuxR-G2E under similar conditions. LuxR-G2E-R67M did not shift the DNA with up to 12.5 mM L-3OC6HSL. Wild-type LuxR, on the other hand, did not shift the DNA with the highest concentration of C10HSL, 12.5 mM. LuxR-G2E required B1 mM C10HSL to shift 50% of the probe and LuxR-G2E-R67M achieved 50% binding with B10 mM C10HSL. Whereas LuxR and LuxR-G2E have similar dose-response curves with 3OC6HSL, LuxR-G2E required Btenfold more signal to achieve 50% binding. LuxR-G2E-R67M also has a lower affinity for C10HSL than its parent, LuxR-G2E, although the activation by these two proteins is very similar. These data suggest that changes in protein expression, folding and/or stability may be amplifying the changes in specificity observed in vitro. Western immunoblot analysis (Supplementary Fig. 3 online) showed that protein stability and the acyl-HSL specificity of LuxR and its descendents are inextricably linked. Whereas a partially folded LuxR variant may bind DNA in the presence of the 'wrong' acyl-HSL during in vitro gel shift assays, the same protein would be rapidly degraded in vivo, thus increasing the overall specificity of the protein. These results show that a decrease in signal binding in vitro does not necessarily yield a decrease in gene activation in vivo and supports the use of selection systems that directly measure signal-dependent gene expression, rather than DNA or signal binding, to generate variants with the precise output required for a given application.
Cells expressing the fluorescent reporters GFPmut3 (ref. 21 ) and mCherry 22 were used to illustrate the low level of crosstalk between LuxR and LuxR-G2E-R67M on plates containing 3OC6HSL, C10HSL or both signals. Two strains, one containing mcherry under the control of LuxR and the other carrying gfpmut3 under the control of LuxR-G2E-R67M, were plated on separate sides of a Petri dish (Fig. 4) . In the presence of 50 nM 3OC6HSL, mCherry production was observed as a result of LuxR-mediated gene activation (Fig. 4a) . Very low background fluorescence was observed from the second strain containing LuxR-G2E-R67M under these conditions. With 200 nM C10HSL, only LuxR-G2E-R67M-mediated GFPmut3 expression was observed (Fig. 4b) ; the mCherry-containing cells showed minimal background fluorescence. In the presence of both 3OC6HSL and C10HSL, cells on both sides fluoresced (Fig. 4c) . LuxR and LuxR-G2E-R67M are sufficiently specific for their respective acyl-HSL signals to be used together in synthetic genetic circuits that require more than one acyl-HSL response system.
The directed evolution of a LuxR variant with a new specificity involved the acquisition of 'promiscuous' functions 1 and subsequent 'respecialization.' It has been postulated that broad-specificity proteins are evolutionary intermediates between more specialized states and that they are important for the evolution of proteins with new functions 23, 24 . These new functions can provide selective advantages to organisms as they adapt to changing environments. Results from many directed evolution experiments indicate that a single mutation that confers a new function (for example, the ability to recognize a new signal or substrate) is unlikely to abolish the old function [25] [26] [27] [28] . If a promiscuous interaction adversely affects the fitness of the organism, this negative selective pressure will lead to the accumulation of mutations that minimize the deleterious interaction and an increasingly specialized protein. We have emulated this process during the directed evolution of LuxR and its interactions with its signaling molecule.
This work has also established a dual selection system for the directed evolution of a transcriptional activator and suggests that this system can serve generally for engineering transcriptional regulators with specific ON/OFF responses. The use of LuxR variants in designer genetic circuits 8 is likely to increase as new variants are engineered. The lack of crosstalk between wild-type LuxR and LuxR-G2E-R67M shows that this variant can be used in intercellular communication circuits that require multiple chemical 'wires' between cell strains. Its evolution demonstrates that the acyl-HSL binding specificity of LuxR can be tuned to suit a particular application. Engineers targeting applications that involve engineered cell-cell communication, including biofabrication, tissue engineering and targeted gene therapies might find these new transcriptional activators valuable additions to their toolbox of communications components.
METHODS
Bacterial strains, media and growth conditions. The bacterial strains used in this study are E. coli strains DH5a (F -f80dlacZDM15 D(lacZYA-argF) U169 deoR recA1 endA1 hsdR17(r k -, m k + ) phoA supE44 l-thi-1 gyrA96 relA1 and BL21 (F -dcm+ Hte ompT hsdS(r B-m B-) gal endA Tet r ). E. coli strains were cultured at 37 1C in LB medium or on LB agar plates. Acyl-HSLs used in these studies were: 3-oxohexanoyl-DL-homoserine lactone (3OC6HSL; Sigma Aldrich), hexanoyl-DL-homoserine lactone (C6HSL; Fluka), octanoyl-DL-homoserine lactone (C8HSL; Fluka), decanoyl-DL-homoserine lactone (C10HSL, Fluka), dodecanoyl-DL-homoserine lactone (C12HSL; Fluka) and 3-oxododecanoyl-L-homoserine lactone (3OC12HSL; Quorum Science). Antibiotics were added at the following concentrations to maintain the plasmids: 100 mg/ml carbenicillin, 20 mg/ml kanamycin and 100 mg/ml chloramphenicol. During selection experiments antibiotics were added as follows: 100 mg/ml carbenicillin, 50 mg/ml kanamycin and 150 mg/ml chloramphenicol.
Plasmid construction. The LuxR expression vector, pLuxR, and the signal response plasmid, pluxGFPuv, have been described previously 1 . Plasmids pluxCAT and pluxBLIP are similar to pluxGFPuv but encode chloramphenicol acetyltransferase (CAT) or b-lactamase inhibitory protein (Bli) under the control of the P luxI promoter and contain the b-lactamase gene (bla). The pBPROTet plasmid was constructed by replacing the SacI-AatII cat fragment in pPROTet.E133 with the b-lactamase (bla)-encoding SacI-AatII fragment from pl PRO12 Select 16 . P luxI was PCR-amplified from pluxGFPuv using the primers 5-pluxI 1 and 3-lux(CAT) or 3-lux(blip). cat was PCR-amplified from pPROTet.E133 using 5-CAT(lux) and 3-CAT(BamHI). bli was PCR-amplified from pl PRO12 Select using 5-BLIP(lux) and 3-BLIP(HindIII). The P luxI and cat or bli PCR products were assembled and amplified by PCR with 5-pluxI and 3-CAT(BamHI) or 3-BLIP(HindIII) and cloned into pBPROTet between its AatII and BamHI or HindIII sites. pLuxR(SalI) is similar to pLuxR except that the SalI endonuclease site upstream of the P lac/ara-1 promoter was removed and a new SalI endonuclease site was engineered into luxR at nucleotide positions 493-498 (amino acid positions 164-165) such that no amino acid changes were introduced. pluxRSalI was constructed by synthetic overlap extension PCR 29 .
The reporter plasmids, pluxGFPmut3 and pluxmCherry are similar to pluxGFPuv except for the substitution of gfpuv with gfpmut3 (ref. 21) or mcherry (ref. 22) . See Supplementary Table 2 online for sequences of synthetic oligonucleotides used in this study and Supplementary Figure 4 online for plasmid maps of pLuxR, pPROLar.A122, pBLIPCAT pluxGFPuv, pluxCAT, pluxBLIP, pluxGFPmut3 and pluxmCherry.
Library construction and selection. Error-prone PCR reactions were performed using AmpliTaq DNA polymerase (Applied Biosystems) and 300 mM MnCl 2 to increase the mutation rate as described 30 . The primers 5-luxRv2 and LuxR(SalI)-r2 were used to amplify the first 500 base pairs of the gene encoding LuxR-G2E using pLuxR-G2E as the template. The library was constructed by ligating KpnI-and SalI-digested pLuxRSalI with the products of error-prone PCR using T4 DNA ligase (Invitrogen). For the first ON round of selection (Round 1-ON) , the ligation mixtures were transformed into competent DH5a cells harboring pluxCAT (DH5a(pluxCAT))and plated onto LB agar plates containing 50 mg/ml kanamycin, 150 mg/ml chloramphenicol and 100 nM C10HSL. Similar plates were used for subsequent ON rounds. Plates used for OFF rounds contained 50 mg/ml kanamycin, 100 mg/ml carbenicillin and 100 nM 3OC6HSL. For each round, cells were also plated with kanamycin and carbenicillin to estimate the library size by quantifying the number of colonies that survive under nonselective conditions. For both ON and OFF selections, LB agar plates were incubated at 37 1C for 14 h and then harvested with LB. The plasmid DNA was recovered via miniprep (QIAGEN), digested with ScaI to inactivate pluxCAT or pluxBLIP, purified by spin column (Zymo Research) and used to transform the competent cells for the next round. The plasmid DNA recovered from Round 2-ON was used as the template for recloning to remove any false positives in which changes had occurred outside luxR-G2E. The luxR-G2E alleles were amplified using Pfu Turbo polymerase (Stratagene) and treated with DpnI. The PCR products were digested and ligated into pLuxRSalI (as above) and transformed into competent DH5a cells containing pluxBLIP and subjected to a third round of OFF selection (Round 3-OFF). The cells were harvested and a final ON round of selection (Round 3-ON) was performed as described above. The DNA purified from Round 3-ON was digested with ScaI and used with pluxGFPuv to transform DH5a. The transformation was plated onto LB agar containing kanamycin, chloramphenicol and 100 nM C10HSL. Fluorescent colonies were identified as described previously 1 and grown in 1-ml cultures in deep-well microplates overnight at 37 1C. (See Supplementary Note for additional information on the dual selection system.)
Characterization of LuxR variants. Quantitative characterization of LuxRmediated gene expression of GFPuv was performed as reported previously 1 . LuxR, LuxR-G2E and LuxR-G2E-R67M were purified as described 20 with slight modification: all buffers contained a lower concentration of 0.05% Tween-20. LuxR-G2E-R67M was purified in the presence of 5 mM DL-C10HSL. Gel shift experiments were also performed similarly to those described 20 . The DNA probes were PCR products 173 bp in length from amplification of pluxGFPuv with 5-pluxI and 3-pluxI 1 . Probes were generated by end-labeling the PCR products using [g 32 -P]-ATP plus T4 polynucleotide kinase. Protein-DNA binding reactions contained B1 fmol of the DNA probe in a final volume of 16 ml of DNA binding buffer (20 mM Tris-HCL, [pH 7.4], 50 mM KCl, 1 mM EDTA, 1 mM dithiothreitol, 100 mg BSA/ml and 5% Ficoll 400) with 100 mg/ml poly(dI-dC)poly(dI-dC) (GE Healthcare) competitor-DNA. Purified protein and acyl-HSL were added as indicated and incubated for 25 min at 25 1C. The reaction mixtures were run on a native 5% Tris-glycine-EDTA gel at 4 1C. After electrophoresis, the probes were detected using Kodak BioMax XAR Film and quantified from the scanned image via densitometry analysis using AlphaEaseFc image analysis software (Alpha Innotech).
Solid-phase fluorescence assays. For the solid-phase experiments, separate cultures of E. coli DH5a containing either pLuxR and pluxmCherry or pLuxR-G2E-R67M and pluxGFPmut3 were grown to stationary phase and blotted on top of LB-agar plates with a sterile sponge. Plates were incubated at 37 1C for 24 h. Imaging was carried out in a fluorescent light box illuminated by fiber-optic lighting at 470 nm for GFPmut3 and 540 nm for mCherry (Lightools Research). Emitted fluorescence was collected through an emission filter (GFPmut3, 515 nM; mCherry, 590 nm) by anLT-9 macro-imaging system (Lightools) equipped with a QImaging color CCD camera (QImaging). High-resolution images were captured using QCapture Pro 5.1 software (QImaging). Red and green fluorescent images were superimposed and processed for contrast and brightness with the use of Photoshop software (Adobe).
Note: Supplementary information is available on the Nature Biotechnology website.
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